I. INTRODUCTION
Thin films produced by atomic layer deposition (ALD) have attracted great attention. Due to their excellent properties, ALD films have very good conformality and uniformity, and they can be deposited on various three dimensional substrates. ALD films have been applied in biomedical, optical, electronic devices, etc. 1 ALD films are widely used in microand nanoelectromechanical systems (MEMS/NEMS): for instance, as antistiction, wear resistant, or other functional layers. [2] [3] [4] [5] [6] [7] [8] [9] [10] MEMS/NEMS consist of moving parts with mechanical functions, where fracture strength (resistance to failure) and durability are important parameters. Moreover, moisture and temperatures can influence to the fracture strength, and therefore, this influence must be analyzed and understood prior to device fabrication. Failure characterization of nanometer-thick films is challenging: besides complex sample preparation steps, analysis may require an additional modeling. Bulge technique is a straightforward and simple mechanical test, which produces fracture strength values for thin films. [11] [12] [13] [14] [15] Fracture toughness testing is more demanding and requires patterning of initial crack with nanometer size and shape control (by, e.g., focused ion beam). 15 In this paper, the fracture bulge technique with freestanding ALD Al 2 O 3 membranes deposited at 110, 150, 200, and 300 C (70-75 nm thick) was conducted. ALD Al 2 O 3 films with excellent mechanical stability and high robustness are demonstrated. In addition to the experiments on effect of humidity and annealing on strength, we carried out high speed pressure cycling tests on membranes. These conditions were selected as ones which could be during MEMS/NEMS sensors operations, for example, in space or automotive applications. 16, 17 These sensors should reliably operate during outgassing of moisture or temperature drifts without device disruption. 18 Another example of MEMS is microheaters and microhotplates, which operate at significantly high temperatures (up to 1000 C). 19, 20 It is therefore important to evaluate the change in fracture strength of thin films after heating or moisture treatments. . The fabrication of free-standing membranes was reported in detail elsewhere. 14 After sample fabrication, some membranes underwent annealing (PEO-601) at 800 C for 15 min in nitrogen ambient, while others were kept in an environmental chamber with constant relative humidity (RH) of 95% at 60 C for 18 h (around 15 samples per each deposition temperature for every treatment).
II. EXPERIMENT
Due to the fact that crystalline Al 2 O 3 has different elastic properties from amorphous films, 23 and crystallization can start at annealing temperatures about 750-800 C, 24 annealed Al 2 O 3 films were analyzed for crystallinity using grazingincidence x-ray diffraction (GIXRD) method.
In the bulge testing, thin film breakage was brought about by applying overpressure to membrane from the top side [ Fig. 1(d) ]. The differential pressure (compressed air) was gradually increased by 100 mbar/s until membrane rupture. Maximum available differential pressure was 3500 mbar. The breakage pressure was recorded by measurement software. In addition, as-deposited membranes were subjected for high speed pressure cycling testing: ten cycles with the maximum available ramp rate of )10 bar/s were applied until 1500 mbar. Next ten cycles with the same ramp rate were applied to the same membrane until 2000 mbar.
The fracture strength r fracture of a membrane was evaluated from maximum pressure P max using equation [12] [13] [14] 
where a is the membrane radius, h is the film thickness, E is the Young's modulus, and v is the Poisson's ratio [assumed to be 0.24 (Ref. 25 ) here] of Al 2 O 3 film. The probability of failure P f was estimated by the probabilistic Weibull distribution, [26] [27] [28] [29] [30] where the failure probability for a specimen with a surface area A under uniformly applied stress r is described by function
where r c is the characteristic failure strength (scale parameter) value of a unit area of material at 63% or ð1 À e À1 Þ Á 100%, m is the Weibull modulus (shape parameter), which evaluates the scatter of the strength data and measures engineering reliability. The expected mean fracture strength was calculated from 30, 31 r
and the standard deviation from
where CðzÞ is the gamma function. 
III. RESULTS AND DISCUSSION
The bulge technique was used to evaluate the fracture strength of ALD Al 2 O 3 deposited at four different temperatures. Overpressure with maximum value of 3500 mbar was applied to the suspended membrane until fracture took place. The measured breakage pressure values are shown in Fig. 2 . As can be seen, films deposited at 150 C and 300 C tolerated higher pressures than those deposited at 110 C or 200 C. All membranes survived after high speed pressure cycling without any failure. This is a considerable merit since membranes could withstand shock pressure impacts with a high robustness needed for various MEMS devices. However, after annealing or high humidity treatments, membranes became significantly weaker (with exception of the sample deposited at 110 C).
The fracture strength was determined by Eq. (1). GIXRD revealed no significant peaks indicating amorphous nature of all annealed Al 2 O 3 films. Therefore, Young's moduli were assumed to be 150 GPa for deposition at 110 C, and 170 GPa for all other deposition temperatures. 21 Table I represents shape and scale parameters derived from failure probability-fracture strength fits (Fig. 3) using probabilistic Weibull distribution [Eq. (2) ]. The Weibull modulus of each test structure was defined from the slope of the fit, and the characteristic strength was estimated with probability of 63%. As most good engineering ceramics, Al 2 O 3 had the shape parameter about ten and higher. Aluminum oxide films deposited at 150 C and 300 C had the highest values of the scale parameter. However, the scale parameter of these films was reduced by $30% after annealing or moisture treatments. Interestingly, thin films deposited at 200 C reduced their scale parameter almost by a factor of two after high humidity or annealing. Figure 4 shows the dependence of the mean fracture strength values [Eq. (3)] versus deposition temperature for all sample types: as-deposited, annealed, and treated in high humidity chamber. As observed, the fracture strength degraded significantly after being annealed or exposed to the high humidity. Error sources include minor membrane thickness variation due to ALD, the Bosch etch process undercut affects membrane size and thickness to some extent.
The High humidity reduced the Al 2 O 3 membrane fracture strength. ALD aluminum oxide has been studied extensively as a water vapor barrier, and its tendency to degrade is well documented. [35] [36] [37] One of very few reports on mechanical properties of alumina films is from 1969, 38 when it was reported that Young's modulus of Al 2 O 3 films is reduced as a function of absolute humidity. It has also been shown that it is difficult to measure inherent strength of alumina because even low humidity in the range of 10-40% RH is affecting the results. 39 They proposed sample coating and nitrogen enclosure for the measurements. Others have shown that even very thin coatings, a few nanometer TiO 2 or NiO, can remarkably stabilize alumina under water immersion. 40 ALD Al 2 O 3 is etched by deionized water with the etch rate of 0.2 nm/min. 41 Water is able to penetrate the lattice of the Al 2 O 3 film, and possibly react with hydroxyl groups, creating paths for moisture penetration. 39 Thus, corrosion and dissolution of the film in water could be the reasons for the strength reduction.
In case of annealing (except for sample deposited at 110 C), the decrease in resistance to failure can be explained by modification in composition (outgassing) after annealing. 42, 43 It has been reported that hydrogen and oxygen contents are reduced during annealing. 42, 43 Moreover, annealing induces changes in stress level that can lead to failure. Indeed, some of our membranes failed after annealing without any mechanical load (25-30% of samples).
The fracture strength of bulk Al 2 O 3 is known to decrease with increasing temperature and relative humidity. 39, 44 The same tendency was observed in our results: high humidity and annealing had a deleterious effect to the strength of ALD Al 2 O 3 , degrading the membrane pressure tolerance and therefore weakening the material strength.
IV. CONCLUSIONS
Reliable MEMS performance significantly depends on materials used for its fabrication. ALD Al 2 O 3 can be considered as a successful candidate for fabricating reliable freestanding structures. As-deposited ALD Al 2 O 3 membranes exhibited high mechanical robustness and considerable fracture strength of 2.25-3.00 GPa. Aluminum oxide films deposited at 150 C and 300 C tolerated higher pressures; however, the mean fracture strength remained nearly constant as a function of deposition temperature. Furthermore, as-deposited membranes sustained high speed pressure cycling without breakage. High humidity and annealing at high temperatures were found to reduce fracture strength clearly. Future work is required to evaluate the size effect of ALD thin films and to elucidate the mechanism of humidity induced failure.
